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P U R P O S E  

The p u r p o s e  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  is t o  s o l v e  t h e  
N a v i e r - S t o k e s  e q u a t i o n s  f o r  u n s t e a d y  a i r f o i l  f l o w s .  Two p r i m a r y  
t y p e s  of  u n s t e a d y  f l o w s  a r e  c o n s i d e r e d .  The f i r s t  is u n s t e a d y  
p e r i o d i c  f l o w  o v e r  a n  a i r f o i l  a t  a f i x e d  a n g l e - o f - a t t a c k  p a s t  
s t a l l .  The s e c o n d  is u n s t e a d y  f l o w  o v e r  a n  a i r f o i l  w h i c h  is 
p i t c h i n g  e i t h e r  s i n u s o i d a l l y  o r  w i t h  a c o n s t a n t - r a t e  p i t c h - u p  
m o t i o n .  F o r  t h e  p i t c h i n g  a i r f o i l  s o l u t i o n s ,  a d y n a m i c  mesh  i s  
e m p l o y e d  i n  t h e  c o m p u t a t i o n s .  A l l  r e s u l t s  a r e  c o m p a r e d  w i t h  
e x p e r i m e n t .  
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NAVIER-STOKES EQUATIONS APPLIED TO UNSTEADY FLOWS 
ON FIXED MESHES 
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COMPARISON WITH EXPERIMENT 
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G O V E R N I N G  E Q U A T I O N S  

G -  

T h e  g o v e r n i n g  e q u a t i o n s  u s e d  i n  t h e  p r e s e n t  a n a l y s i s  a r e  t h e  
t w o - d i m e n s i o n a l  R e y n o l d s  a v e r a g e d  t h i n - l a y e r  N a v i e r - S t o k e s  
e q u a t i o n s .  T h e y  a r e  w r i t t e n  i n  g e n e r a l i z e d  c o o r d i n a t e s ,  w i t h  
t h e  q - c o o r d i n a t e  d i r e c t i o n  a l o n g  t h e  b o d y  a n d  t h e  c - c o o r d i n a t e  
d i r e c t i o n  n o r m a l  t o  t h e  b o d y .  Q r e p r e s e n t s  t h e  c o n s e r v e d  f l o w  
v a r i a b l e s .  The  f l  x v e c t o r s  C a n d  H a r e  s p l i t  a c c o r d i n g  t o  t h e  
m e t h o d  of Van LeerY,  w i t h  t h e  e x t e n s i o n  t o  d y n a m i c  meshes g i v e n  
by Anderson e t  a 1 2 .  J i s  t h e  c o o r d i n a t e  t r a n s f o r m a t i o n  

?lt a n d  5 a r e  z e r o .  J a c o b i a n .  F o r  a n  u n m o v i n g  m e s h ,  t 
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F L U X  S P L I T T I N G  

F l u x e s  a r e  s p l i t  i n t o  a f o r w a r d  a n d  a b a c k w a r d  c o n t r i b u t i o n  
a c c o r d i n g  t o  t h e  s i g n s  of t h e  e i g e n v a l u e s  of t h e  J a c o b i a n  
m a t r i c e s ,  a n d  d i f f e r e n c e d  a c c o r d i n g l y .  T h e  s p l i t - f l u x  
d i f f e r e n c e s  a r e  i m p l e m e n t e d  a s  a f l u x  b a l a n c e  a c r o s s  a c e l l ,  
c o r r e s p o n d i n g  t o  M S C L  ( M o n o t o n e  U p s t r e a m - c e n t e r e d  Schemes f o r  
C o n s e r v a t i o n  Laws) '  t y p e  d i f f e r e n c i n g .  
d e r i v a t i v e  i n  F a t  t h e  i n o d e  i n  t h e  f i g u r e  c a n  be  w r i t t e n  a s  

- F ( Q ) i - 1 / 2  , where eacQ F(Q) c a n  be  s p l i t  i n t o  i t s  
f o r w a r d  a n d  b a c k w a r d  c o m p o n e n t s  F a n d  F . S t a t e  v a r i a b l e s  o n  
e a c h  i n t e r f a c e  a r e  o b t a i n e d  b y  i n t e r p o l a t i o n  of t h e  c o n s e r v e d  
v a r i a b l e s  a t  t h e  a p p r o p r i a t e  n o d e s .  U s i n g  u p w i n d - b i a s i n g ,  f o r  
e x a m p l e ,  c o n s e r v e d  v a r i a b l e s  a t  t h e  i - 1 ,  i ,  a n d  i + l  n o d e s  a r e  
u s e d  t o  o b t a i n  t h e  p o s i t i v e  c o n t r i b u t i o n  t o  F(Q) a t  t h e  i + 1 / 2  
i n t e r f a c e .  T h e  Van Leer s p l i t t i n g  has  t h e  a d v a n t a g e  o v e r  m o r e  
c o n v e n t i o n a l  s p l i t t i n g 8  t h a t  i t  i s  c o n t i n u o u s l y  d i f f e r e n t i a b l e ,  
a n d  a l l o w s  s h o c k s  t o  b e  c a p t u r e d  w i t h  a t  most two i n t e r i o r  z o n e s .  

For  e x a m p l e ,  t h e  

F ( Q ) i + l  / 2  

i-1/2 i+1/2 
Split fluxes into forward and 
backward contributions 
F ( Q )  = F+(Q-)  + F - (Q+)  

Use upwind biased approximation to 
spatial derivatives 

i-1 i i +1 

Van Leer splitting 
Continuously differentiable 
Allows shocks to be captured with at most 
two (usually one) interior zones 
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NUMERICAL METHOD 

An implicit, upwind-biased, finite-volume scheme is used to 
numerically solve the thin-layer Navier-Stokes equations. The 
system of equations is approximately factored and solved in two 
sweeps. The ( + )  and ( - 1  superscripts indicate positive and 
negative flux split quantities. All viscous terms are centrally 
differenced. The A, B, and M matrices arise from linearizations 
of the G flux, H flux, and the viscous terms, respectively. The 
method is second order accurate in space and first order accurate 
in tiqe. 
model is used for all turbulent flow computations. Boundary 
conditions are applied explicitly. 

The algebraic eddy viscosity Baldwin-Lomax turbulence 

Upwind Finite-Volume Approximate-Factorization 

I [ m  + 
-A+ + a,+~- 3 AQ* = -RHS 

Y 

A A - +  + A -  G + a - ~ + + a  + -  H + a, 5 5 

A 

RHS = a,, G 

-Re - -1 ac[J-1(5,R + 5 SI1  

TURBULENCE MODEL: BALDWIN-LOMAX 

BOUNDARY CONDITIONS: NO-SLIP, ADIABATIC WALL ON BODY 

CHARACTERISTIC ANALYSIS IN FARFIELD 
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AIRFOIL GRID 

T h i s  f i g u r e  s h o w s  a p a r t i a l  v i e w  of a r e p r e s e n t a t i v e  g r i d  
u s e d  i n  t h e  a i r f o i l  c a l c u l a t i o n s .  I t  is a 1 9 3  x 65 C-mesh w i t h  
c l u s t e r i n g  i n  t h e  l e a d i n g  a n d  t r a i l i n g  e d g e  r e g ' o n s .  A v e r a g e  
minimum n o r m a l  s p a c i n g  o n  t h e  b o d y  i s  6 . 4  x lo - '  c .  T h e  g r i d  
e x t e n d s  30 c h o r d s  f r o m  t h e  a i r f o i l .  
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C O N S T A N T  ANGLE-OF-ATTACK U N S T E A D Y  S O L U T I O N S  

T h e  N A C A  0 0 1 2  a i r f o i l  was a n a l y z e d  a t  a R e y n o l d s  n u m b e r  o f  
3 m i l l i o n  a n d  a Mach n u m b e r  of 0 . 3  a t  s e v e r a l  a n g l e s - o f - a t t a c k  u p  
t o  a n d  b e y o n d  s t a l l .  T h i s  f i g u r e  shows c o m p u t e d  l i f t  c o e f f i c i e n t  
v e r s u s  a n g l e - o f - a t t a c k ,  a l p h a ,  i n  c o m p a r i s o n  t i t h  t h e  e x p e r i m e n t s  
o f  L o f t i n  a n d  S m i t h 5  a n d  G r e g o r y  a n d  O ' R e i l l y  . A t  0 ,  1 0 ,  a n d  1 5  
d e g . ,  c o m p u t e d  v a l u e s  a r e  i n  e x c e l l e n t  a g r e e m e n t  w i t h  
e x p e r i m e n t a l  r e s u l t s .  A t  b o t h  1 6  a n d  1 8  d e g .  a n g l e - o f - a t t a c k ,  
w i t h i n  t h e  r e g i o n  where e x p e r i m e n t  i n d i c a t e s  s t a l l  a c c o m p a n i e d  b y  
a s u d d e n  d r o p  i n  l i f t ,  t h e  c o m p u t e d  f l o w f i e l d  i s  u n s t e a d y  a n d  
p e r i o d i c  w i t h  l i f t  c o e f f i c i e n t s  v a r y i n g  i n  t h e  r a n g e s  i n d i c a t e d  
i n  t h e  f i g u r e .  T h e  maximum a n d  minimum l i f t  v a l u e s  a g r e e  w e l l  
w i t h  t h e  c o r r e s p o n d i n g  e x p e r i m e n t a l  v a l u e s  b e f o r e  a n d  a f t e r  
s t a l l ,  r e s p e c t i v e l y .  T h e  S t r o u h a l  n u m b e r  o f  t h e  p e r i o d i c  f l o w  i s  
g i v e n  by  S t  = n c s i n a l u -  , w h e r e  n i s  t h e  f r e q u e n c y  of 
o s c i l l a t i o n ,  c i s  t h e  a i r f o i l  c h o r d ,  a i s  t h e  a n g l e - o f - a t t a c k ,  
a n d  uao i s  t h e  f r ees t r eam f l o w  v e l o c i t y .  A t  21 d e g . ,  t h e  p e r i o d i c  
o s c i l l a t i o n  i s  no  l o n g e r  p r e s e n t .  T h e  r e s u l t s  i n d i c a t e  a n e a r l y  
s t e a d y  s o l u t i o n ,  w i t h  o n l y  a smal l  n o n - p e r i o d i c  v a r i a t i o n  i n  l i f t  
c o e f f i c i e n t  a b o u t  a n  a v e r a g e  v a l u e  of  a b o u t  1.05 .  

N A C A  0012 a i r f o i l ,  Re = 3 m i l l i o n  

1 Exps, Gregory/Oreiliy 
+ Theory 

S t  = 0.028 
S t  = 0.033 a 

0 

G 
I 

t o  
04 I I I I I I 1 I I I I _I 
0 4 8 12 16 20 24 
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S T E A D Y  V O R T I C I T Y  C O N T O U R S  

C o m p u t e d  v o r t i c i t y  c o n t o u r s  a r e  s h o w n  f o r  t h e  N A C A  0012  
a i r f o i l  a t  15  a n d  21 d e g .  a n g l e - o f - a t t a c k .  A t  15 d e g . ,  p r i o r  t o  
s t a l l  o n s e t ,  t h e  v o r t i c i t y  i s  c o n c e n t r a t e d  i n  a r e l a t i v e l y  t h i n -  
l a y e r  n e a r  t h e  a i r f o i l  s u r f a c e  a n d  b e h i n d  t h e  t r a i l i n g  e d g e .  A t  
21 d e g .  t h e  a i r f o i l  s h o w s  a r e g i o n  of m a s s i v e  s e p a r a t i o n  a b o v e  
t h e  a i r f o i l  u p p e r  s u r f a c e .  V o r t i c i t y  l e v e l s  a r e  much h i g h e r  t h a n  
t h e  1 5  d e g .  c a s e ,  w i t h  t h e  s t r o n g e s t  c l o c k w i s e  v o r t i c i t y  
c o n c e n t r a t e d  n e a r  t h e  l e a d i n g  e d g e  o n  t h e  upper s u r f a c e  and t h e  
s t r o n g e s t  c o u n t e r c l o c k w i s e  v o r t i c i t y  a g a i n  b e h i n d  t h e  t r a i l i n g  
e d g e .  

NACA 0012 airfoil, Re - 3 million 

a = 1 5 O  
ca. = 1.48  
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U N S T E A D Y  V O R T I C I T Y  C O N T O U R S  

A t  1 6  d e g .  a n g l e - o f - a t t a c k ,  t h e  f l o w f i e l d  o s c i l l a t e s  i n  a 
p e r i o d i c  m a n n e r ,  w i t h  t h e  l i f t  v a r y i n g  b e t w e e n  a minimum o f  0 . 8 9  
a n d  a maximum o f  1 . 6 0 .  V o r t i c i t y  c o n t o u r s  a r e  s h o w n  a t  f o u r  
p o i n t s  i n  t h e  u n s t e a d y  p e r i o d i c  c y c l e .  The c y c l i c  n a t u r e  of  t h e  
f l o w f i e l d  i s  c h a r a c t e r i z e d  b y  t h e  s h e d d i n g  of a l e a d i n g  e d g e  
v o r t e x  n e a r  maximum l i f t .  

NACA 0012 airfoil, Re = 3 m i l l i o n ,  a = 1 6 '  

ea. = 1.60 max lift 

2.4 

2.0[  

c, = 0.89 min l i f t  

i 

e, = 1.21 increasing 

ORIGINAL PAGE IS 
OF POOR QUALrrV 
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FORCED P I T C H I N G  S O L U T I O N S  

C o m p u t a t i o n s  h a v e  b e e n  p e r f o r m e d  i n  w h i c h  t h e  a i r f o i l  
u n d e r g o e s  a f o r c e d  p i t c h i n g  m o t i o n  a b o u t  i t s  q u a r t e r  c h o r d .  Two 
t y p e s  of m o t i o n  h a v e  b e e n  e x p l o r e d  a n d  r e s u l t s  compared w i t h  
e x p e r i m e n t .  The f i r s t  i s  a s i n u s o i d a l  p i t c h i n g  m o t i o n  a t  h i g h  
R e y n o l d s  n u m b e r  ( t u r b u l e n t  f l o w )  a n d  t h e  s e c o n d  i s  a c o n s t a n t -  
r a t e  p i t c h  f r o m  0 t o  60 d e g .  a n g l e - o f - a t t a c k  a t  Re = 4 5 , 0 0 0  
( l a m i n a r  f l o w ) .  

a h )  = a. + a ,  sin(Mmk.r) 

+ M k.r a h )  = aO OD 

sinusoidal  pitch 

constant-rate pitch 

k = reduced frequency = wc/u, 
w = frequency (rad/sec)  
c = chord 

= freestream v e l o c i t y  
T = time, nondimensionalized by c l a m  
am = freestream speed of sound 
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S I N U S O I D A L  P I T C H  S O L U T I O N  W I T H  N O  S T A L L  

6 
M = 0 . 3 0 1 ,  a. = 7 . 9 7  d e g . ,  a = 4 .91  d e g . ,  a n d  a r e d u c e d  1 f r e q u e n c y  k = 0 . 3 9 8 .  T h i s  c o r r e s p o n d s  w i t h  Case 7111 f r o m  
McCroskey e t  a 1 7 .  T r a n s i t i o n  t o  t u r b u l e n c e  i s  f i x e d  a t  t h e  
l e a d i n g  e d g e  i n  t h e  c o m p u t a t i o n s  b u t  was n o t  f i x e d  i n  t h e  
e x p e r i m e n t .  T h e  t ime s t e p  t a k e n  f o r  t h e  c o m p u t a t i o n s  i s  0 . 0 5 .  
T h i s  f i g u r e  shows  t h e  l i f t  a n d  moment c o e f f i c i e n t s  a s  a f u p c t i o n  
o f  a n g l e - o f - a t t a c k .  The  t h i n - l a y e r  N a v i e r - S t o k e s  c o d e  p r e d i c t s  a 
s h a l l o w e r  l i f t  v e r s u s  a l p h a  s l o p e ,  s l i g h t l y  o v e r p r e d i c t i n g  t h e  
minimum l i f t  a n d  u n d e r p r e d i c t i n g  t h e  maximum l i f t .  L i f t  v a l u e s  
f o r  i n c r e a s i n g  a l p h a  a r e  o n  t h e  u p p e r  h a l f  o f  t h e  l i f t  c u r v e  f o r  
b o t h  t h e o r y  a n d  e x p e r i m e n t .  T h e  moment c o e f f i c i e n t  i s  i n  g o o d  
a g r e e m e n t  w i t h  e x p e r i m e n t  when a n g l e - o f - a t t a c k  i s  i n c r e a s i n g  
( l o w e r  h a l f  o f  t h e  c u r v e ) ,  b u t  u n d e r p r e d i c t s  t h e  moment when 
a n g l e - o f - a t t a c k  is d e c r e a s i n g .  

T h e  N A C A  0 0 1 2  a i r f o i l  was a n a l y z e d  a t  Re = 3 . 8 9  x 1 0  , 

N A C A  0012 airfoil, Re = 3.89 x l o 6 ,  
M = 0.301,  a. = 7.97O, a1 = 4.91° ,  k = 0.398 

-Thin-layer N-S 
Experiment 

. "7 oa 

- Thin-layer N-S 
Experiment 

2 6 10 14 18 22 

alpha, deg 

-.041 I I I I I I I I I 
2 6 10 14 18 22 

alpha, deg 
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PRESSURE COEFFICIENTS 

-a 

-6 

-4 

-2 

P r e s s u r e  c o e f f i c i e n t s  a r e  c o m p a r e d  w i t h  e x p e r i m e n t  a t  six 
t imes  i n  t h e  p i t c h i n g  c y c l e  f o r  Case 7 1 1 1 .  O v e r a l l ,  t h e  p r e s e n t  
m e t h o d  d o e s  w e l l  i n  p r e d i c t i n g  t h e  s h a p e s  of t h e  p r e s s u r e  c u r v e s .  

- 

- 
. 0 Experiment ALP=3.067 
- Thin-layer ALP=3.063 DOWN 

- 

- 

-lor 

t 

NACA 0012 airfoil, Re = 3.89 x lo6, 
M = 0.301, a. = 7.97', a ,  = 4.91°, k - 0.398 

Thin-layer ALP=5.012 UP 
0 Experiment ALP=5.053 0' 

-2+ 0 

2 1 . 1 . 1 . 1 . 1 . 1  
0 .2 .4 .6 .6 1.0 

-6 r 
- Thin-layer ALPml0.088 DOWN 

0 Experiment ALP=10.091 
-4 -t 
2 1 . 1 . 1 . 1 ,  1 .  I 

x/c 
0 .2 .4 .6 .8 1.0 

- ' O r  

t 
Thin-layer ALP=9.971 UP 

0 Experiment ALP=10.017 

0 .2 .4 .6 .I3 1.0 

-'r 
-6 t 

Thin-layer ALP=5.045 DOWN - 1 0 Experiment ALP=5.002 

-41 

0 .2 .4 .6 .6 1.0 

X/C 

-lo[ -8 

-6 

-Thin-layer ALP=12.871 UP 
0 Experiment ALP=12.883 

-4 

-2 

0 

0 + 
21 * 1 .  I .  1 . 1 .  I 

x/c 
0 .2 .4 .6 .8 1.0 

WGINAL PAGE IS 
OF POOR QUALITY 
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SINUSOIDAL P I T C H  SOLUTION W I T H  D E E P  STALL 

6 A s o l u t i o n  w i t h  d e e p  s t a l l  was computed a t  Re = 3.76 x 10 , 
M = 0.292, a. = 14.84 d e g . ,  a = 9.88 d e g . ,  k = 0,202. These  
c o n d i t i o n s  c o r r e s p o n d  w i t h  Case  14210 f rom McCroskey e t  a 1 7 .  I n  
t h i s  c a s e ,  b o t h  t h e o r y  and e x p e r i m e n t  f i x e d  t r a n s i t i o n  t o  
t u r b u l e n c e  a t  t h e  l e a d i n g  e d g e .  Time s t e p  f o r  t h e  c o m p u t a t i o n s  
i s  0 . 0 5 .  A s  s e e n  from p l o t s  of  l i f t  and moment c o e f f i c i e n t  
v e r s u s  a n g l e - o f - a t t a c k ,  t h e  c o m p u t a t i o n s  a g r e e  w e l l  w i t h  
e x p e r i m e n t  o n l y  a s  t h e  a n g l e - o f - a t t a c k  i s  i n c r e a s i n g  ( u p p e r  
p o r t i o n  of t h e  l i f t  c u r v e ,  l o w e r  p o r t i o n  of t h e  moment c u r v e ) .  
However,  t h e o r y  p r e d i c t s  s t a l l  l a t e r  t h a n  e x p e r i m e n t .  A t  a l l  
o t h e r  p o i n t s  i n  t h e  p i t c h i n g  c y c l e ,  t h e o r y  and e x p e r i m e n t  a r e  
o n l y  q u a l i t a t i v e l y  s i m i l a r .  Theory  shows o s c i l l a t i o n s ,  w h i c h  
a r e  n o t  p r e s e n t  i n  t h e  e x p e r i m e n t ,  i n  t h e  l i f t  and moment c u r v e s  
as t h e  a n g l e - o f - a t t a c k  d e c r e a s e s .  

1 

N A C A  0012 a i r f o i l ,  Re = 3.76 x lo6, 
M = 0.292. a. = 14.84O. a1 - 9 .88O.  k = 0 .202 

ON21  1 

- Thin-layer N-S 
0 Experiment 

01 I s  1 1  I 1 1  I 

alpha, deg 
0 10 20 30 40 50 

- Thin-layer N-S 

0 

J -.2 

0 10 20 30 40 50 
alpha, deg 
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1.0- 

0' .6 'I 
4 -  

A G A R D  C A S E  S I N U S O I D A L  P I T C H  S O L U T I O N S  

D I  
-Thin-layer N-S 
. 0 Experiment 

Potential u/ EL 8" 

C o m p u t a t i o n s  werfj p e r f o r m e d  t o  c o m p a r e  w i t h  two u n s t e a d y  
s o l u t i o n s  f r o m  L a n d o n  . 
Case 2 ,  i s  a t  Re = 4 . 8  x 10 , M = 0 . 6 ,  a = 3 . 1 6  d e g . ,  
a 
Case 3 :  = 2 . 4 4  d e g . ,  
k = 0 . 1 6 2 0 .  L i f t  a n d  moment  c o e f f i c i e n t s  f o r  each  case  a r e  s h o w n  
i n  t h e  f i g u r e .  I n  b o t h  c a s e s ,  f o r  t h e o r y  a n d  e x p e r i m e n t ,  t h e  
l i f t  v a l u e s  f o r  i n c r e a s i n g  a l p h a  a r e  o n  t h e  l o w e r  p o r t i o n  o f  t h e  
c u r v e .  T h e  c o m p u t a t i o n s  d o  f a i r l y  w e l l  t o  p r e d i c t  l i f t  a t  t h e  
l o w e r  a n g l e s - o f - a t t a c k  b u t  u n d e r p r e d i c t  t h e  l i f t - a t  t h e  h i g h  end  
of t h e  c y c l e s .  Moment c o e f f i c i e n t s  a r e  u n d e r p r e d i c t e d  e v e r y w h e r e  
i n  t h e  c y c l e s ,  a l t h o u g h  f o r  a l p h a  i n c r e a s i n g  ( l o w e r  p o r t i o n  of 
t h e  c u r v e )  r e s u l t s  a r e  i n  c l o s e r  a g r e e m e n t  t h a n  f o r  a l p h a  
d e c r e a s i n g .  R e s u l t 8  f o r  Case 3 a r e  v e r y  s i m i l a r  t o  t h o s e  
o b t a i n e d  by H o w l e t t  u s i n g  a s m a l l - d i s t u r b a n c e  p o t e n t i a l  code 
c o u p l e d  w i t h  a n  i n v e r s e  b o u n d a r y - l a y e r  m e t h o d .  H o w l e t t  f o u n d  
t h a t  r e s u l t s  n e a r  m a x i m u m  l i f t  a r e  h i g h l y  s e n s i t i v e  t o  t h e  
t r a n s i t i o n  l o c a t i o n .  H i s  r e s u l t s  s h o w n  h e r e  h a v e  t r a n s i t i o n  s e t  
a t  2 0 % .  The t h i n - l a y e r  N a v i e r - S t o k e s  c o m p u t a t i o n s  s e t  t r a n s i t i o n  
a t  t h e  l e a d i n g  e d g e ,  w h i l e  e x p e r i m e n t a l  t r a n s i t i o n  is 
u n s p e c i f i e d .  

T h g  f i r s t ,  c o r r e s p o n d i n g  w i t h  A C A R D  

0 
= 4 . 5 9  d e g . ,  k = 0 . k 6 2 2 .  The  s e c o n d  c o r r e s p o n d s  w i t h  A C A R D  1 Re = 4 . 8  x 10 , M = 0 . 6 ,  a. = 4 . 8 6  d e g . ,  a 1 

ACARD Case 2 ACARD Case  3 

N A C A  0012 airfoil, Re - 4.8 x lo6, M - 0.6 
-Thin-layer N-S 

Experiment 

- Thin-layer h-S 
0 Experiment 

Thin-layer N-S 
0 Experiment 
* Potentiol w /  Bl  

01 0 .  

-I - 2 0 2 4 6 8  P -.01 . O ' k  0 2 4 6 8 1 0  
alpha, deg alpha. deg 

a. - 4.86', a1 - 2.44', k - 0.1620 

2:lLe, 
a. - 3.16'. a, - 4.59'. k 0.1622 
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The r e a l  and imaginary  components of l i f t  and d rag  were 
computed f o r  A C A R D  Cases 2 and 3 and compared w i t h  e x p e r i m e n t .  
Agreement i s  f a i r ,  w i t h  t h e  l a r g e s t  d i s c r e p a n c i e s  i n  t h e  
imaginary  component of moment f o r  bo th  c a s e s .  The 
v a l u e s  a and a a r e  t h e  phase a n g l e s  b y  which l i f t  and moment 
c y c l e s  l e a d  o r  Tag t h e  a n g l e - o f - a t t a c k  c y c l e .  II 

a n d  s imi la r  e x p r e s s i o n s  f o r  cmaR and 'ma1 

A C A R D  Case 3 A C A R D  Case 2 

E X P  T h e o r y  E r r o r  

6.616 5.67 14.3% 
-0.891 -0.88 1.2% llaR 

0.224 0.172 23.2% Ea I 
-0.24 4 -0.1 65 32.4% ' m a R  

-7.70 -8.8O 14.3% ma1 

a -47.49 -43.6O 8 . 0 %  
m 

C 

C 

EXP Theory E r r o r  

6.372 5.56 12.7% 
-0.803 -0.75 6.6% 
0.303 0.258 14.9% 

-0.287 -0.200 30.3% 
-7.2' -7.70 6.9% 
-43.40 -37.8" 12.9% 
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C O N S T A N T - R A T E  P I T C H  S O L U T I O N S ,  w = 460 D E G / S E C  

A t  a R e y n o l d s  number o f  4 5 , 0 0 0 ,  l a m i n a r  f l o w  c o m p u t a t i o n s  of  
an  NACA 0015  a i r f o i l  p i t c h e d  up a t  a c o n s t a n t  r a t e  o f  460 d e g . / s e c  
( k  = 0 . 2 0 0 7 )  a r e  ompared  w i t h  smoke wire f l o w  v i s u a l i z a t i o n s  of  
H e l i n  a n d  Walker”. 
f i g u r e .  F low is from r i g h t  t o  l e f t .  W i t h  a t ime s t e p  o f  0 . 0 5 ,  
computed  v e l o c i t y  v e c t o r s  show t h e  same g e n e r a l  t r e n d  a s  
e x p e r i m e n t ,  a l t h o u g h  t h e  c e n t e r  o f  t h e  s h e d  l e a d i n g - e d g e  v o r t e x  
d o e s  n o t  c o n v e c t  d o w n s t r e a m  a s  q u i c k l y  i n  t h e  c o m p u t a t i o n s  as  i t  
d o e s  i n  t h e  e x p e r i m e n t .  A t  b o t h  45  and  60  d e g . ,  t h e r e  i s  
r e v e r s e d  f l o w  o v e r  mos t  o f  t h e  a i r f o i l  u p p e r  s u r f a c e ,  d u e  t o  t h e  
s h e d  v o r t e x .  

T h r e e  a n g l e s - o f - a t t a c k  a r e  shown i n  t h e  

NACA 0015 a i r f o i l ,  Re = 45,000,  laminar  flow 
u = 460 deg.isec 

COMPUTATION 

a - 6 0 °  

EXPERIMENT 
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C O N S T A N T - R A T E  P I T C H  S O L U T I O N S ,  w = 1380  D E C / S E C  

A t  a h i g h e r  r a t e  o f  p i t c h  (k = 0 . 6 0 2 1 1 ,  c o m p u t a t i o n  w i t h  a 
t ime s t e p  o f  0 . 0 2  shows  a l e a d i n g - e d g e  v o r t e x  g r o w t h  r a t e  i n  good 
a g r e e m e n t  w i t h  e x p e r i m e n t .  T h i s  v o r t e x  i s  much s m a l l e r  i n  s i z e  
t h a n  t h a t  f o r  t h e  l o w e r  p i t c h  r a t e  o f  460 d e g . / s e c .  However ,  t h e  
c o m p u t a t i o n a l  a n a l y s i s  d o e s  n o t  show t h e  s e c o n d  r e g i o n  o f  
s e p a r a t e d  f l o w  n e a r  t h e  t r a i l i n g  edge  t h a t  i s  s e e n  i n  t h e  f l o w  
v i  s u a 1  i z a t i o n s  . 

N A C A  0015 airfoil, Re = 45 ,000 ,  laminar flow 

COMPUTATION 
w = 1380 deg./sec 

EXPERIMENT 

a = 30° 

a = 60° 
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C O N C L U S I O N S  

A f i n i t e  volume i m p l i c i t  a p p r o x i m a t e  f a c t o r i z a t i o n  method 
which s o l v e s  t h e  t h i n - l a y e r  N a v i e r - S t o k e s  e q u a t i o n s  has  been used 
t o  p r e d i c t  u n s t e a d y  t u r b u l e n t - f l o w  a i r f o i l  b e h a v i o r .  A t  a 
c o n s t a n t  a n g l e - o f - a t t a c k  of 1 6  d e g . ,  t h e  N A C A  0012 a i r f o i l  
e x h i b i t s  an u n s t e a d y  p e r i o d i c  f l o w f i e l d  w i t h  t h e  l i f t  c o e f f i c i e n t  
o s c i l l a t i n g  between 0 .89  and 1 . 6 0 .  The S t r o u h a l  number i s  
0 .028 .  R e s u l t s  a r e  s i m i l a r  a t  1 8  d e g . ,  w i t h  a S t r o u h a l  number of 
0 . 0 3 3 .  A l e a d i n g - e d g e  v o r t e x  i s  shed  p e r i o d i c a l l y  n e a r  maximum 
l i f t .  

g e n e r a l  agreement  w i t h  e x p e r i m e n t a l  p r e s s u r e  c o e f f i c i e n t s .  
However, moment c o e f f i c i e n t s  and t h e  maximum l i f t  v a l u e  a r e  
u n d e r p r e d i c t e d .  The deep s t a l l  c a s e  shows some agreement  w i t h  
e x p e r i m e n t  f o r  i n c r e a s i n g  a n g l e - o f - a t t a c k ,  b u t  i s  o n l y  
q u a l i t a t i v e l y  comparable  p a s t  s t a l l  and f o r  d e c r e a s i n g  a n g l e - o f -  
a t t a c k .  Laminar-f low c o m p u t a t i o n s  of a c o n s t a n t - r a t e  p i t c h - u p  
N A C A  0015 a i r f o i l  show t h a t  i n c r e a s i n g  p i t c h  r a t e  s l o w s  
s e p a r a t i o n .  Computed v e l o c i t y  v e c t o r s  a g r e e  q u a l i t a t i v e l y  w i t h  
e x p e r i m e n t a l  f l o w  v i s u a l i z a t i o n s .  

Dynamic mesh s o l u t i o n s  f o r  u n s t a l l e d  a i r f o i l  f l o w s  show 

0 CONSTANT ANGLE-OF-ATTACK 

0 N A C A  0012 FLOWFIELD U N S T E A D Y  AT a = 1 6  
A N D  18 D E G .  

0 l i f t  o s c i l l a t e s  w i t h i n  range of 
experiment 

0 S t  = 0.03 

0 P E R I O D I C A L L Y  SHED LEADING-EDGE VORTEX 

0 S I N U S O I D A L  P I T C H  

0 UNSTALLED CASES 
0 pressure  c o e f f i c i e n t s  agree  i n  

0 moment c o e f f i c i e n t s  and maximum 
genera l  w i t h  experiment 

l i f t  underpredicted 

0 DEEP STALL AGREES ONLY FOR a I N C R E A S I N G  

0 CONSTANT-RATE P I T C H  

O+.J 

0 QUALITATIVE AGREEMENT WITH EXPERIMENT 

I N C R E A S I N G  P I T C H  RATE LESSENS SEPARATION 
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